INTRODUCTION {#S1}
============

Neutrophilic dermatoses are a group of inflammatory skin disorders characterized by sterile infiltrates of neutrophils. These syndromes include pyoderma gangrenosum (PG) and Sweet's syndrome (SS), and are associated with an increased risk of inflammatory bowel disease, rheumatoid arthritis, and hematologic malignancy, particularly chronic myelogenous and acute myeloid leukemia.^[@R1]--[@R3]^ Interleukin-1 (IL-1) has been reported at high concentrations in the lesions of SS patients, and IL-1 neutralizing therapies have shown promising outcomes in SS, PG, and PG patients with psoriatic arthritis.^[@R4]--[@R9]^ Coding and transcript variants of protein tyrosine phosphatase-6 (PTPN6, or Src homology region 2 domain-containing phosphatase-1, SHP1) are a feature of SS and PG, consistent with the findings that mutations in murine *Ptpn6* cause spontaneous skin inflammation that is dependent on the IL-1 receptor (IL-1R), granulocyte-colony stimulating factor (G-CSF), and neutrophils.^[@R10]--[@R13]^

Ptpn6 regulates the activity of more than 50 cytoplasmic signaling proteins and cell surface receptors. In its absence, *motheaten* (*Ptpn6*^me/me^) and *motheaten viable (Ptpn6*^*mev/mev*^*) Ptpn6* mutant mice succumb to IL-1R- and macrophage-dependent lethal pneumonitis at three and 10 weeks-of-age, respectively.^[@R14],[@R15]^ In contrast, mice with the Y208N mutation (*Ptpn6*^Y208N/Y208N^) develop a neutrophilic, IL-1R- and G-CSF-dependent cutaneous inflammatory disease without pneumonitis.^[@R11]^ Gnotobiotic *Ptpn6*^Y208N/Y208N^ mice do not develop inflammation of the skin, indicating that this is not an autoinflammatory disease.^[@R11]^ TNF is not essential for disease induction but TNF neutralizing antibodies ameliorate the IL-1R-dependent pulmonary fibrosis observed in *Ptpn6* mutant mice, and TNF-deficiency reduces the incidence and delays the onset of disease in *Ptpn6*^Y208N/Y208N^ mice.^[@R15]--[@R17]^

Perturbations in Toll-like receptor (TLR) signaling and cell death have been proposed to contribute to inflammatory disease driven by IL-1α and IL-1β in *Ptpn6*^Y208N/Y208N^ mice independently of caspase-1.^[@R12]^ However, the precise caspase-1-independent pathway controlling IL-1 release from Ptpn6-deficient neutrophils remains undefined. Caspase-1-independent regulators of IL-1α and IL-1β processing and release include caspase-8 and the necroptotic effector proteins receptor-interacting protein kinase 1 (Ripk1), Ripk3, and mixed lineage kinase domain-like pseudokinase (Mlkl).^[@R18]--[@R21]^ Here we examine the role of caspase-8 and Ripk3/Mlkl cell death signaling in regulating the release of IL-1α and IL-1β to drive pathological inflammation in Ptpn6 mutant mice.

RESULTS {#S2}
=======

Ptpn6 controls necroptosis in neutrophils {#S3}
-----------------------------------------

Both IL-1α and IL-1β lack signal peptides for secretion and, therefore, require alternative mechanisms of release, most notably via the actions of caspase-1/11. Previous studies in *Ptpn6*^Y208N/Y208N^ mice have demonstrated that inflammasome-mediated caspase-1/11 activation is not involved in the IL-1-driven inflammation in this model.^[@R11],[@R12]^ Increasingly, other modes of IL-1 secretion are now being recognized in macrophages and neutrophils, including cell death signaling pathways associated with caspase-8-mediated apoptosis and Ripk3-Mlkl-mediated necroptosis.^[@R18]--[@R21]^ To test the involvement of these cell death pathways in neutrophil-driven inflammation when Ptpn6 is absent, we generated mice deficient in *Ptpn6*, in combination with gene deficiency in *Casp8*, *Ripk1*, *Ripk3,* or *Mlkl*. We restricted deletion of the conditional *Ptpn6* allele to neutrophils to avoid lethal pneumonitis and autoimmune disease associated with germline *Ptpn6*-deficiency using the *S100a8-Cre* transgene (denoted ΔPMN). A conditional allele of *Ripk1* was utilized to avoid the perinatal lethality associated with germline Ripk1 deficiency.^[@R19],[@R22],[@R23]^ To avoid potential *in vivo* artifacts caused by the Ripk1-regulated lymphoproliferative disease that develops in germline *Casp8*^*−/−*^*Ripk3*^*−/−*^ mice, *Casp8* deletion was similarly restricted.^[@R19],[@R22],[@R24],[@R25]^

Previous studies have demonstrated that granulocyte colony-stimulating factor (G-CSF) does not protect *Ptpn6*^*Y208N/Y208N*^ neutrophils from accelerated apoptotic cell death.^[@R12]^ To investigate whether Ptpn6-deficient neutrophils were also sensitized to Ripk1-Ripk3-Mlkl necroptotic signaling, we cultured neutrophils with a combination of birinapant, a SMAC mimetic that targets the cellular inhibitor of apoptosis proteins, cIAP1 and cIAP2, for degradation and induces formation of an apoptotic death complex, and z-VAD-fmk, a pan-caspase inhibitor that blocks caspase-8 activity and converts the complex to a necroptotic cell death program. As expected, when neutrophils were treated with G-CSF or interferon-γ (IFN-γ), increased cell death of *Ptpn6*^ΔPMN^ neutrophils was evident compared to wild-type and *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Mlkl*^*−/−*^ neutrophils ([Fig. 1a](#F1){ref-type="fig"},[b](#F1){ref-type="fig"}). Analysis of necroptosis signaling in neutrophils using birinapant/z-VAD-fmk also revealed increased necroptotic cell death of *Ptpn6*^ΔPMN^ neutrophils compared to wild-type, while *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Mlkl*^−/−^ neutrophils were protected from this sensitization ([Figure 1a](#F1){ref-type="fig"},[b](#F1){ref-type="fig"}). These data suggest that Ptpn6 functions in neutrophils to limit apoptotic and necroptotic cell death signaling.

Neutrophil death drives cutaneous inflammation {#S4}
----------------------------------------------

To examine whether apoptotic signaling is contributing to inflammation in *Ptpn6*^ΔPMN^ mice, we first examined caspase-8 activity in freshly-isolated bone marrow neutrophils. Cleaved caspase-8 was detected in unstimulated *Ptpn6*^ΔPMN^ neutrophils but not in neutrophils isolated from wild-type littermate controls ([Fig. 2a](#F2){ref-type="fig"}). To test the absolute requirement for caspase-8-dependent apoptosis versus Ripk3-Mlkl-dependent necroptosis in the development of spontaneous neutrophil-driven footpad inflammation in *Ptpn6*^ΔPMN^ mice, we tracked the incidence of disease in *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Ripk3*^−/−^, *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Mlkl*^−/−^, and *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Ripk3*^−/−^*Mlkl*^−/−^ mice ([Fig. 2b](#F2){ref-type="fig"}). Importantly, *Ptpn6*^ΔPMN^ mice developed cutaneous footpad inflammation at the same rate as *Ptpn6*^Y208N/Y208N^ mice, and as observed in other studies using *Ptpn6*^ΔPMN^ mice.^[@R11]--[@R13],[@R16]^ These data were also consistent with a previous report demonstrating that Ptpn6 deficiency in neutrophils is sufficient to trigger cutaneous inflammation.^[@R13]^ Individual loss of necroptotic cell death signaling by deletion of *Ripk3* (*Ptpn6*^ΔPMN^*Ripk3*^−/−^) or *Mlkl* (*Ptpn6*^ΔPMN^*Mlkl*^−/−^), or the apoptotic arm by deletion of *Casp8* (*Ptpn6*^ΔPMN^*Casp8*^ΔPMN^) in *Ptpn6*^*ΔPMN*^ mice, was not sufficient to suppress inflammation ([Fig. 2b](#F2){ref-type="fig"}). However, inhibition of both arms of cell death signaling in cohorts of *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Ripk3*^−/−^and *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Mlkl*^−/−^ mice resulted in a significantly reduced incidence of inflammation ([Fig. 2b](#F2){ref-type="fig"}), as did deficiency in Ripk3, Mlkl and caspase-8 (*Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Ripk3*^−/−^*Mlkl*^−/−^) that achieved even greater protection. These data indicate that caspase-8- and Ripk3/Mlkl-dependent cell death pathways are individually capable of driving sufficient IL-1 release to promote disease in the absence of Ptpn6. Hence, deletion of both cell death pathways is required to limit the incidence of disease and delay the onset of IL-1-dependent footpad inflammation.

To answer whether the difference in disease onset between *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Mlkl*^−/−^ and *Ptpn6*^ΔPMN^*Casp8*^ΔPMN^*Ripk3*^−/−^*Mlkl*^−/−^ mice was a consequence of possible transcriptional effects mediated by Ripk3,^[@R26]^ we performed RNA-Seq on neutrophils ([Fig. 2c](#F2){ref-type="fig"} and [Extended Data 1](#F8){ref-type="fig"}). We identified 3 dominant groups by k-means clustering, with group 3 being significantly enriched in *Ptpn6*^ΔPMN^ neutrophils (p=0.00046, Fisher's Exact test). Within group 3, there were no major differences in the transcriptome of *Ptpn6*^ΔPMN^ neutrophils lacking *Casp8*, *Ripk3*, or *Mlkl*. These data suggest that Ripk3 may promote cell death to release IL-1 and drive inflammation, in part, via a pathway independent of Mlkl and transcriptional changes in neutrophils. Gene Set Enrichment Analysis (GSEA) of the *Ptpn6*^ΔPMN^ samples in group 3 demonstrated an enrichment of genes in pathways consistent with activation of TNF, IL-6, and interferons in all genotypes ([Fig. 2c](#F2){ref-type="fig"} and [Extended Data 1](#F8){ref-type="fig"}). Further analysis of expression profiles from *Ptpn6*^ΔPMN^ neutrophils revealed a correlation between age and gene signature independent of the *Ripk3* and *Mlkl* genotypes ([Extended Data 1b](#F8){ref-type="fig"}, p=0.004, Group 1 v Group 2, Mann-Whitney test). Altogether, these data indicate that the disease process is driven by at least two distinct processes: a transcription-dependent change in *Ptpn6*^ΔPMN^ neutrophils that is not influenced by *Ripk3* loss, and a cell death-dependent process that releases IL-1 from neutrophils.

Ripk1 negatively regulates cutaneous inflammation {#S5}
-------------------------------------------------

Numerous studies have reported that Ripk1 acts as a physiological negative regulator of both caspase-8-mediated apoptosis and Ripk3-Mlkl-mediated necroptosis *in vivo*.^[@R19],[@R22],[@R23]^ To study the role of Ripk1 specifically in neutrophils, and gauge its role in the cutaneous inflammation seen in Ptpn6-deficient mice, we monitored disease progression in *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ mice, where deletion of conditional *Ptpn6* and *Ripk1* alleles is restricted to neutrophils.^[@R13]^ In further support of a role for Ripk1 in limiting the caspase-8-dependent apoptotic and Ripk3-Mlkl-dependent necroptotic cell death that drive this disease, *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ mice developed cutaneous inflammatory disease with 100% penetrance, and at an accelerated rate compared to *Ptpn6*^ΔPMN^ mice ([Figure 2b](#F2){ref-type="fig"}). The incidence of footpad inflammation in *Ptpn6*^ΔPMN^*Ripk1*^D138N^ mice, expressing a kinase dead form of Ripk1, was also 100% penetrant and accelerated compared to *Ptpn6*^ΔPMN^ mice ([Figure 2b](#F2){ref-type="fig"}). These data suggest that Ripk1 kinase activity is engaged in the disease process, but that the absence of Ripk1, or its kinase activity, can still trigger an alternate caspase-8- or Ripk3-Mlkl-dependent inflammatory cell death pathway resulting in IL-1 release.

To further explore the role of Ripk1 activity *in vivo*, and to avoid perinatal lethality, we generated lethally irradiated chimeric mice containing *Ptpn6*^mev/mev^ (n=6), *Ripk1*^−/−^ (n=16), *Ptpn6*^mev/mev^*Ripk1*^−/−^ (n=11) or wild-type (n=10) fetal liver cells. *Ptpn6*^mev/mev^*Ripk1*^−/−^ fetal liver chimeric animals were devoid of cutaneous inflammatory disease and survived longer than *Ptpn6*^mev/mev^*Ripk1*^+/+^ fetal liver chimeric controls ([Figure 3a](#F3){ref-type="fig"}), suggesting that Ripk1 may drive inflammation. However, analysis of the engraftment efficiency in *Ptpn6*^mev/mev^*Ripk1*^−/*−*^ and *Ptpn6*^+/+^*Ripk1*^−/−^ fetal liver chimeric mice at 12-weeks post-transplant by flow cytometry revealed a near complete absence of donor hematopoietic cells ([Figure 3b](#F3){ref-type="fig"}) and hematopoietic progenitor cells ([Figure 3c](#F3){ref-type="fig"}, [Extended Data 2](#F9){ref-type="fig"}) in these animals. Thus, the absence of inflammation in *Ptpn6*^mev/mev^*Ripk1*^−/−^ fetal liver chimeric mice can instead be attributed to the known essential role of Ripk1 in hematopoietic engraftment^[@R19],[@R27],[@R28]^, rather than to Ripk1 acting as a positive regulator of IL-1R-dependent inflammatory disease in this setting.

The exacerbated disease phenotype seen in *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ mice suggests that loss of Ptpn6 may, in part, affect the ability of Ripk1 to negatively regulate inflammatory cell death. *Ptpn6*^ΔPMN^ neutrophils accumulated low-molecular weight Ripk1 isoforms, suggesting that disease may result from Ripk1 truncation and/or degradation leading to loss-of-function, rather than a spontaneous activation of Ripk1 kinase driving caspase-8 and Ripk3 activity ([Figure 4a](#F4){ref-type="fig"},[b](#F4){ref-type="fig"}). Processing of Ripk1 was not dependent on caspase-8 in this context ([Figure 4c](#F4){ref-type="fig"}). The rapid onset of disease in these mice lacking Ripk1 or Ripk1 kinase activity suggests that the nature of cell death regulation by Ripk1 in *Ptpn6*^ΔPMN^ neutrophils determines the scale of IL-1-mediated inflammation resulting from cell death.

Ripk1 prevents TNF-induced cell death in neutrophils {#S6}
----------------------------------------------------

To understand why loss of Ripk1 in *Ptpn6*^ΔPMN^ neutrophils *in vivo* accelerated disease, we studied the response of wild-type, *Ptpn6*^ΔPMN^, *Ripk1*^ΔPMN^ and *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ neutrophils to TNF stimulation *ex vivo*. To quantitatively track the rapid kinetic changes in neutrophil viability in response to apoptotic and necroptotic stimuli, we developed a live-cell imaging technique coupled to custom-scripted automated image analysis software ([10.26180/5db913c24b884](10.26180/5db913c24b884)). Viability of neutrophils was tracked using Cell Tracker Green (CTG) to identify cells and track viability, Annexin V (AnnV) to identify cells undergoing apoptosis or necroptosis prior to membrane permeabilisation, and propidium iodide (PI) to identify dead cells ([Figure 4d](#F4){ref-type="fig"}).^[@R29],[@R30]^ This approach allowed for the continuous enumeration of cell populations over time, thereby eliminating assumptions about the kinetics of cell death elicited by diverse stimuli, as well as the need to identify the most appropriate timepoint for analysis. *Ripk1*^ΔPMN^ neutrophils were highly sensitive to TNF stimulation ([Figure 4f](#F4){ref-type="fig"}, and [Extended Data 3](#F10){ref-type="fig"}--[5](#F12){ref-type="fig"}). z-VAD-fmk treatment of TNF-stimulated *Ripk1*^ΔPMN^ neutrophils partially inhibited cell death (odds ratio 1.02 v 0.94 for per-hour viability of *Ripk1*^ΔPMN^ over wild-type in z-VAD-fmk + TNF over TNF, p \< 0.0001), suggesting that both caspase-8-dependent and caspase-8-independent cell death pathways contribute to rapid cell death of TNF-treated *Ripk1*^ΔPMN^ neutrophils ([Figure 4e](#F4){ref-type="fig"}, [f](#F4){ref-type="fig"}, [Extended Data 3](#F10){ref-type="fig"}--[5](#F12){ref-type="fig"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Birinapant treatment of TNF-stimulated wild-type neutrophils increased the kinetics of cell death to rates equivalent to those seen in TNF-stimulated *Ripk1*^ΔPMN^ neutrophils (OR 1.07 v 0.94, *Ripk1*^ΔPMN^ versus wild-type in BPT + TNF versus TNF, p \< 0.0001, [Extended Data 3](#F10){ref-type="fig"}--[5](#F12){ref-type="fig"}). Birinapant/z-VAD-fmk-induced necroptotic cell death increased the ratio of CTG-AnnV+PI+ : CTG+AnnV+PI+ cell populations compared to birinapant-treated apoptotic wild-type neutrophils ([Figure 4e](#F4){ref-type="fig"} and [Extended Data 3](#F10){ref-type="fig"}). Importantly, *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ neutrophils were also highly sensitive to TNF stimulation, with reductions in cell viability occurring with the same kinetics as *Ripk1*^ΔPMN^ neutrophils ([Extended Data 3](#F10){ref-type="fig"}). Using an adapted imaging strategy, we also found that *Ripk1*^ΔPMN^ and *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ neutrophils displayed elevated caspase-3/7 activation in response to TNF, and remained capable of undergoing non-apoptotic cell death in response to TNF+zVAD ([Extended Data 4](#F11){ref-type="fig"}). Together, these data support a role for Ripk1 loss in sensitizing *Ptpn6*^ΔPMN^ neutrophils to cell death triggered by inflammatory cytokines, such as TNF.

IL-1α and IL-1β promote inflammatory disease {#S7}
--------------------------------------------

Prior studies support a key role for IL-1α in the disease process, contributing to footpad inflammation and impairing wound repair in *Ptpn6*^Y208N/Y208N^ mice.^[@R27]^ To address whether IL-1α is the exclusive regulator of spontaneous inflammatory disease in *Ptpn6*^Y208N/Y208N^ mice, we generated *Ptpn6*^Y208N/Y208N^*Il1a*^*−/−*^ mice. In agreement with previous studies,^[@R16],[@R27]^ we found that IL-1α-deficiency does reduce the incidence of inflammatory disease ([Figure 5a](#F5){ref-type="fig"}). However, this rescue was not complete, as only 50% of animals were protected. Loss of a single allele of *Il1a* (*Ptpn6*^Y208N/Y208N^*Il1a*^−/+^) gave similar levels of protection, implying sensitivity to changes in IL-1R signaling. To examine potential roles for IL-1β *in vivo*, we isolated neutrophils from the bone marrow and feet of inflamed *Ptpn6*^ΔPMN^ mice. Immunoblot of lysates revealed that pro-IL-1β was expressed in neutrophils isolated from the feet, but not the bone marrow, of *Ptpn6*^ΔPMN^ mice ([Figure 5b](#F5){ref-type="fig"}), suggesting that IL-1β is expressed and released from neutrophils at the site of inflammation. Consistent with previous reports that TLR ligands induce high levels of pro-IL-1β and IL-1α in *Ptpn6*^Y208N/Y208N^ neutrophils^[@R12]^, we observed elevated levels of IL-1α/β in cultured bone marrow neutrophils from *Ptpn6*^ΔPMN^ and *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ mice, suggesting that neutrophils may act as a primary source of IL-1α/β in cutaneous inflammatory disease *in vivo* independently of Ripk1 ([Figure 5c](#F5){ref-type="fig"}, [d](#F5){ref-type="fig"}, [e](#F5){ref-type="fig"}). Taken together, these new genetic data indicate that, while IL-1α may play a key role in wound repair, it is not the sole contributor to spontaneous IL-1R-dependent inflammation in *Ptpn6*^Y208N/Y208N^ mice, thereby also implicating the other IL-1 family member that binds the IL-1R, IL-1β, in disease.^[@R11],[@R12]^

Ptpn6 suppresses IL-1 secretion by necroptotic neutrophils {#S8}
----------------------------------------------------------

We originally demonstrated that IL-1R signaling was essential for cutaneous inflammatory disease in *Ptpn6*^Y208N/Y208N^ mice.^[@R11]^ Increased TLR-induced IL-1α and IL-1β production in *Ptpn6*^Y208N/Y208N^ neutrophils was reported, however, the mechanism of IL-1α/β release was not established. Because *Ptpn6*^ΔPMN^ neutrophils display increased caspase-8- and Ripk3/Mlkl-dependent cell death in response to birinapant/z-VAD-fmk, we hypothesized that the increased sensitivity of *Ptpn6*^ΔPMN^ neutrophils to necroptotic stimuli could contribute to increased IL-1α and IL-1β secretion. Indeed, we observed increased levels of IL-1α and IL-1β in the supernatant of *Ptpn6*^ΔPMN^ neutrophils after a 16 h incubation with birinapant/z-VAD-fmk ([Figure 5e](#F5){ref-type="fig"}). In addition, multiple isoforms of IL-1α and IL-1β were present in the supernatant, including full-length, and processed forms of approximately 17 kDa and 25 kDa, the latter of which is consistent with a bioactive form that can be generated in neutrophils by proteinase-3.^[@R31]^ Priming of *Ptpn6*^ΔPMN^ neutrophils with the TLR2/6 ligand Pam~2~CSK~4~ further increased IL-1α and IL-1β release upon birinapant/z-VAD-fmk treatment, showing the propensity for necroptotic signaling to cause inflammation upon exposure of Ptpn6-deficient neutrophils to bacterial ligands. Caspase inhibition in TLR-primed neutrophils did not result in cell death, demonstrating a fundamental difference to macrophages under similar conditions ([Figure 5f](#F5){ref-type="fig"}).^[@R32]^

The induction of IL-1 release associated with neutrophil cell death of birinapant/zVAD-fmk-treated cells was associated with the detection of phosphorylated Mlkl (pMlkl) ([Figure 5g](#F5){ref-type="fig"}). This contrasts with the cleaved form of caspase-8 (cl.Casp8) appearing in freshly-isolated bone marrow *Ptpn6*^ΔPMN^ neutrophils, emphasizing the key roles of both caspase-8 and Ripk3/Mlkl in the disease process. These data also support dual roles for Ptpn6 in controlling the production of IL-1α/β at early time points following IAP depletion upon addition of a SMAC mimetic, and then IL-1α/β processing and/or secretion via caspase-8-dependent or Ripk3/Mlkl-dependent cell death at later timepoints.

Spontaneous TNF production in Ptpn6-deficient neutrophils does not require Ripk1 {#S9}
--------------------------------------------------------------------------------

Induction of neutrophil necroptotic cell death by birinapant/z-VAD-fmk relies on autocrine or paracrine tumor necrosis factor (TNF) production, and is typically dependent on the kinase activity of Ripk1([Figure 6a](#F6){ref-type="fig"}).^[@R33]^ To investigate the regulation of TNF production by Ptpn6, neutrophils derived from wild-type, *Ripk1*^ΔPMN^, *Ptpn6*^ΔPMN^, and *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ mice were treated with birinapant/z-VAD-fmk to induce necroptosis and TNF secretion was measured. Induction of TNF production was markedly enhanced in *Ptpn6*^ΔPMN^ neutrophils independently of Ripk1, with the exception of birinapant and birinapant/zVAD-fmk treatment ([Figure 6b](#F6){ref-type="fig"}). These data indicate a critical role for Ptpn6 in controlling signaling events leading to TNF production. The fact that Ripk1 loss did not abrogate the spontaneous TNF secretion by *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ neutrophils indicates that Ptpn6 deficiency circumvents the absolute requirement for Ripk1 kinase activity in maximal TNF production by neutrophils.

Spontaneous TNF and IL-1 production requires p38 {#S10}
------------------------------------------------

The activity of p38 MAP kinase activity (marked by phosphorylation) is known to regulate Ripk1 inflammatory signaling in macrophages and fibroblasts^[@R34]--[@R37]^. We, and others, have observed that Ptpn6 deficiency in neutrophils results in an increase in p38 MAP kinase activity.^[@R12],[@R38]^ To examine the role of p38 MAP kinase in cytokine production and cell death signaling, we used the pan-p38 MAP kinase inhibitor BIRB-796 and the p38α/β-specific inhibitors, SB202190 and SB203580. Inhibition of p38 MAP kinase signaling by BIRB-796 completely abrogated both Ripk1-dependent and independent TNF production by *Ptpn6*^ΔPMN^ and wild-type neutrophils ([Figure 6b](#F6){ref-type="fig"}), as well as pro-IL-1β production ([Figure 6c](#F6){ref-type="fig"}). Together, these data indicate a Ripk1-independent role for Ptpn6 in the negative regulation of p38 MAP kinase signaling in neutrophils, leading to suppression of both TNF and IL-1 production.

p38 promotes neutrophil cell death {#S11}
----------------------------------

Given that inhibition of p38 signaling completely blocked TNF and IL-1 production in neutrophils, we hypothesized that it would also impede cell death. BIRB-796 completely inhibited necroptotic signaling of wild-type neutrophils equivalent to treatment with necrostatin-1s, while SB202190 and SB203580 had no effect ([Figure 6d](#F6){ref-type="fig"}). These data implicate the p38-delta isoform, which is highly expressed in neutrophils^[@R39]^ and inhibited by BIRB-796, in the regulation of neutrophil lifespan. To examine the effects of p38 MAP kinase inhibition in more detail, we used our live-cell imaging method to study kinetic changes in the cell death profile of neutrophils treated with BIRB-796. BIRB-796 impeded cell death of G-CSF-treated wild-type and *Ptpn6*^ΔPMN^ neutrophils ([Figure 6e](#F6){ref-type="fig"}). Additionally, BIRB-796 inhibited Ripk3/Mlkl-dependent necroptotic death of wild-type and *Ptpn6*^ΔPMN^ neutrophils treated with birinapant/zVAD-fmk ([Figure 6f](#F6){ref-type="fig"}). Addition of BIRB-796 led to both slower death kinetics and a reduction in phosphatidylserine exposure on the plasma membrane, an early event in both apoptotic and necroptotic cell death marked by Annexin V staining^[@R29],[@R30]^, in both wild-type and *Ptpn6*^ΔPMN^ neutrophils ([Figure 6e](#F6){ref-type="fig"},[f](#F6){ref-type="fig"}). Membrane permeabilization was also delayed in response to BIRB-796, as measured by the appearance of PI-positive cells, ([Figure 6f](#F6){ref-type="fig"}). These data suggest that p38 MAP kinase signaling is involved in both the G-CSF-regulated apoptotic, and the Ripk3-Mlkl-regulated necroptotic cell death pathways and, thus, controls both IL-1 production and release by neutrophils.

Ptpn6 Y208N mutation prevents its interaction with myosin-9 in neutrophils {#S12}
--------------------------------------------------------------------------

This study has largely examined the effect of Ptpn6 deficiency on neutrophil function, however, why mutant forms of Ptpn6 also fail to repress IL-1R-dependent cutaneous inflammatory disease remain to be fully elucidated, such as is the case for *Ptpn6*^Y208N/Y208N^ neutrophils.^[@R12]^ We therefore explored the nature of the binding interactions of the C-terminal SH2 (C-SH2) domain of Ptpn6. The Ptpn6 C-SH2 domain harbours the Y208N mutation, and the effect of this mutation on coordinating the exposure of pY and pY+3 residues on substrates is unclear. To examine possible structural changes induced by the Y208N mutation, we investigated the interaction between the NKG2A peptide interaction motif and the Ptpn6 C-SH2 domain using the solution structure of the complex (PDB: 2YU7). This indicated that Y208 is located outside of the pY and pY+3 binding pockets of the C-SH2 domain, and is unlikely to make any contact with any pY-containing substrates ([Figure 7a](#F7){ref-type="fig"}). These data suggest that the Y208N mutation influences Ptpn6 function independently of its ability to bind to phosphorylated motifs in protein substrates.

To identify changes in interacting partners caused by the Y208N mutation in neutrophils, we generated biotinylated wild-type or Y208N peptides corresponding to sequence from the C-SH2 domain of Ptpn6. Immunoprecipitation of interacting partners with these biotinylated peptides, followed by mass spectrometry of candidate proteins, revealed that Y208N peptides failed to interact, or had a greatly reduced interaction, with myosin-9 and actin ([Figure 7b](#F7){ref-type="fig"},[c](#F7){ref-type="fig"} and [Supplementary Table 2](#SD1){ref-type="supplementary-material"}). These data suggest that the Y208 motif, adjacent to the BG loop of the C-SH2 domain, is essential for interaction of Ptpn6 with myosin-9. Studies using isothermal titration calorimetry indicated that the mutant Ptpn6 Y208N C-SH2 domain was not compromised in its ability to bind tyrosine-phosphorylated peptides from FcγR2b, a known substrate for Ptpn6 (Ptpn6 Y208N C-SH2 domain: K~D~ 10.4 μM; Ptpn6 wt C-SH2 domain: K~D~ 20.1 μM) ([Figure 7d](#F7){ref-type="fig"}). Thus, the motif containing Y208 likely contributes to the stabilization of Ptpn6 protein via interactions with the actin-myosin-9 cytoskeleton rather than ITIM motif interactions. This Y208-myosin-9 interaction likely prevents degradation of mislocalized Ptpn6, as evidenced by reduced Ptpn6^Y208N^ protein in neutrophils^[@R12]^, and may indirectly facilitate negative regulation of signal transduction and cell death complexes within the neutrophil. New genetic tools targeting the cell death signaling cascade will be needed to better characterize these regulatory networks in neutrophils.

DISCUSSION {#S13}
==========

These data support a dual action model of Ptpn6 function to suppress IL-1R-dependent disease: the first, inhibiting p38 MAP kinase function to limit TNF and IL-1α/β production; and the second, control of Ripk1 function to inhibit apoptotic and necroptotic neutrophil cell death and IL-1 release. The capacity of neutrophils to access either caspase-8-dependent apoptotic signaling, or Ripk3/Mlkl-dependent necroptotic signaling, is consistent with the role of Ripk1 in coordinating cell death based on the availability of caspase-8 and Ripk3/Mlkl substrates.^[@R33],[@R40],[@R41]^ Cell death and IL-1α/β release may also be influenced *in vivo* by TLR-dependent degradation of cIAP1, depletion of IAPs in response to apoptotic stimuli, or an inability to dephosphorylate caspase-8 at Y397 and Y465 due to Ptpn6 deficiency.^[@R42]--[@R44]^

Ptpn6 regulation of p38 MAPK activity appears central to the disease process. Suppression of p38 MAPK activity in *Ptpn6*^ΔPMN^ neutrophils impairs IL-1α/β and TNF production, but also blocks apoptotic and necroptotic cell death. This is in stark contrast to the scenario in macrophages and fibroblasts that can become sensitized to TNF-induced Ripk1-regulated cell death upon p38 MAPK inhibition, demonstrating cell-type specific roles for p38 MAPK in cell death signaling.^[@R34]--[@R37]^

The loss of Ripk1 function in *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ mice increases the incidence and accelerates the onset of footpad inflammation. Unexpectedly *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN/D138N^ mice were also sensitized to development of spontaneous inflammatory disease. These data indicate that Ripk1 kinase activity is engaged in *Ptpn6*^ΔPMN^ neutrophils, but suggest that the scaffolding function of Ripk1 may be defective due to changes in death domain (DD) and RHIM domain function in full-length and/or low M~W~ isoforms of Ripk1. The exacerbation of the cell death phenotype in *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ mice is consistent with the ability of necroptotic and caspase-8-dependent apoptotic cell death to proceed in the absence of Ripk1.^[@R19],[@R22],[@R23]^ In the absence of Ripk1, tumor necrosis factor receptor type I-associated death domain protein (TRADD) has been shown to complex with caspase-8/cFLIP/FADD via DD interactions to drive systemic inflammation and apoptotic cell death independently of Ripk3.^[@R45],[@R46]^ In an analogous manner, the absence of the RIP homotypic interaction motif (RHIM) domain of Ripk1 enables Z-DNA binding protein 1 (ZBP1) to complex with Ripk3 to drive Mlkl-dependent necroptosis.^[@R47]^ The increase in truncated Ripk1 isoforms in *Ptpn6*^ΔPMN^ mice, and associated loss of Ripk1 regulatory function, may therefore enable the recruitment of TRADD to complexes of caspase-8/cFLIP/FADD, and recruitment of ZBP1 to Ripk3 ([Fig. 4a](#F4){ref-type="fig"},[b](#F4){ref-type="fig"} and [Extended Data Fig. 6](#F13){ref-type="fig"}). Future studies in Ptpn6-deficient macrophages may enable a complete picture of Ptpn6 function in these pathways to be generated.

Ptpn6 deficiency triggers IL-1R-dependent disease via neutrophil cell death but the extrinsic factors accelerating disease progression are not well defined. Prior studies demonstrate that TNF contributes to lethality in *Ripk1*^−/−^, *Casp8*^−/−^, *cFlip*^−/−^, *cIAP1*^−/−^*cIAP2*^−/−^, and *Fadd*^−/−^ embryos and neonates.^[@R19],[@R22],[@R23],[@R48],[@R49]^ The loss of Ptpn6 itself is associated with a reduction in full-length Ripk1 protein that may promote cell death. What cell-extrinsic factors promote IL-1 release and cell death *in vivo* remain to be determined, but TNF likely plays a role.^[@R16],[@R17]^ These data do not exclude a role for non-hematopoietic cells in the generation of, or response to, IL-1α/β, but they strongly support a primary role for neutrophils in both the production and release of IL-1α/β in cutaneous inflammation.

Ptpn6 can interact with actin to regulate the conversion of mechanical forces, controlled by the actomyosin network, into biochemical signals.^[@R50]^ In this setting, changes in actin dynamics control the catalytic activity of Ptpn6. Our finding that the Y208N mutation prevents association of Ptpn6 with myosin-9 supports these data in neutrophils, and may have unexpected outcomes on negative regulation of specific TLR and cell death signaling cascades in neutrophils, including those controlling low M~W~ Ripk1 isoforms and Ripk1 function.

Ptpn6 has been extensively implicated in human inflammatory disease, autoimmunity, and cancer. Our findings suggest that one of the dominant roles of Ptpn6 may be as a negative regulator of inflammatory cell death pathways. Defects in cell death may also underlie IL-1R-dependent pneumonitis in *Ptpn6*^me/me^ mice, and predispose patients with neutrophilic dermatoses expressing *PTPN6* coding and transcript variants to autoimmunity and leukemia.

METHODS {#S14}
=======

Mice {#S15}
----

The *Ptpn6*^ΔS100a8Cre/ΔS100a8Cre^ (*Ptpn6*^ΔPMN^),^[@R51]^ *Ptpn6*^Y208N^,^[@R11]^ *Ptpn6*^mev^,^[@R52]^ *Ripk1*^+/−^,^[@R53]^ *Ripk1*^−/ΔS100a8Cre^ (*Ripk1*^ΔPMN^),^[@R54]^ *Ripk1*^−/D138N^ (*Ripk1*^D138N^),^[@R55]^ *Ripk3*^−/−^,^[@R56]^ *Caspase-8*^ΔS100a8Cre/ΔS100a8Cre^ (*Casp8*^ΔPMN^),^[@R57]^ and *Mlkl*^−/−\ [@R58]^ mouse strains were generated on or had been backcrossed at least 10 generations with the C57BL/6J background. All animal experiments complied with the regulatory standards of, and were approved by the Institutional Animal Care and Use Committee at Boston Children's Hospital and The Walter and Eliza Hall Institute of Medical Research. Mice were housed under specific pathogen-free conditions with unlimited access to food and water.

Bone marrow neutrophil purification {#S16}
-----------------------------------

Murine bone marrow cells were isolated from the femur, tibia, and ossa coxae in Hanks Balanced Salt Solution supplemented with 1% fetal bovine serum (FBS) and 15 mM EDTA. Cells were overlayed on 78%, 68% and 52% Percoll layers and centrifuged at 400 × g for 30 min at 4 °C. Neutrophils were removed from the 68%/78% interface and re-suspended in DMEM/10% FBS for biochemical assays, DMEM/0.5% FBS for IL-1α/β immunoblot assays, or phenol red-free DMEM/10% FBS for live cell imaging viability assays. The purity of neutrophil preparations was typically greater than 95% as assessed by May-Grünwald Giemsa staining. All cell culture medium were purchased from Gibco.

Viability assays {#S17}
----------------

For induction of cell death, neutrophils were treated with 100 ng/mL recombinant human G-CSF (Amgen) or 100 ng/mL recombinant mouse IFN-γ (Peprotech), and then treated with combinations of 50 ng/mL recombinant mouse TNF (BioLegend), 2 μM Birinapant (Tetralogic Pharmaceuticals), 10 μM z-VAD-fmk (Sigma), or 10 μM necrostatin-1s (Enzo Life Sciences). For some assays, neutrophils were primed with 100 ng/mL recombinant mouse IFN-γ and 10 ng/mL Pam~2~CSK~4~ (Invivogen). The p38 MAP kinase inhibitors BIRB-796, SB202190 and SB203580 (EMD Millipore) were used at a final concentration of 20 μM.

Live-cell imaging {#S18}
-----------------

Neutrophils were labeled with 200 nM CellTracker Green or 100 nM CellTracker Orange (Life Technologies) for 15 min at 37 °C in serum-free DMEM. 1 × 10^5^ neutrophils were plated in PureCoat Amine 96 well optical bottom plates (Corning). Neutrophil viability was monitored using AnnexinV-AlexaFluor647 (BioLegend) to detect phosphatidylserine, CellEvent Caspase-3/7 Detection Reagent, 0.5 μg/mL propidium iodide, or Draq7 according to the manufacturer's instructions (BioLegend). Images from triplicate fields of view were captured at 10 × at 37ºC + 5% CO~2~ every hour by the ImageXpress Micro Confocal High-Content Imaging System (Molecular Devices) operating MetaXpress (Version 6.2.5) acquisition software. Three non-overlapping 1.96 mm^2^ zones within each well were imaged for red, green and far-red fluorescence (excitation/emission at 531/593, 475/536 and 634/692 nm, respectively). Cell death kinetics were analyzed using a custom macro in the Fiji distribution of ImageJ.^[@R59]^ The macro processed each timepoint folder that was generated by the ImageXpress imaging system, and time image stacks were constructed of each well field position. The macro segmented each cell population in each frame of the time stacks using watershed segmentation, and then population percentages were calculated for each time point from the extracted binary images. At each time point, the cells in each channel (Cell Tracker Green, propidium iodide, and Annexin V) were extracted by applying a Gaussian Blur (sigma =2 for full resolution data, sigma =1 for binned data) and then using standard watershed segmentation to generate binary images representing each cell. Using these masks, each cell population was defined using Boolean arithmetic. The logic was constructed so that cells were only counted once. Data was logged and percentage populations were calculated at each time point. The CTG-AnnV-PI+ population did not meet the criteria of a cell and were excluded from all analyses.

Immunoblot {#S19}
----------

Neutrophils were lysed in 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 10 mM NaF, 1 mM sodium vanadate, 1 mM phenylmethanesulphonylfluoride in 10 mM Tris-HCl, pH 7.5, 150 mM NaCl and Complete Protease Inhibitor Cocktail (Roche). Cell lysates and supernatants were analyzed using antibodies specific to IL-1β/IL-1F2 (R&D; AF-401), IL-1α/IL-1F1 (R&D; AF-400), RIPK1 (Cell Signaling Technology; D94C12), SHP-1 (Cell Signaling Technology; C14H6), p38 MAPK (Cell Signaling Technology; D94C12), phospho-p38 MAPK (T180/Y182) (Cell Signaling Technology; 9211), Myosin-9 (Cell Signaling, \#3403), p42/44 MAPK (ERK1/2) (Cell Signaling Technology; 137F5), or phospho-MLKL (S345) (Abcam; EPR9515\[2\]). Westerns were developed (ECL Substrate), visualized (ChemiDoc), and analyzed (ImageLab Software) with BioRad products.

Enzyme-linked immunosorbent assay (ELISA) {#S20}
-----------------------------------------

The Mouse TNF ELISA kit by Thermofisher (Cat. \# 88--7324) was used according to the manufacturer's instructions.

Flow cytometry {#S21}
--------------

Flow cytometry analysis was performed on a LSRII or LSRFortessa (BD Biosciences). To isolate neutrophils from the feet, tissue was diced and incubated at 37°C for 45 min with shaking at 200 rpm (TissueLyserII, Qiagen), in DMEM containing 1 mg/mL Collagenase Type IV (Worthington Biochemical). Cells were then strained through a 70 μM strainer and washed twice in phosphate buffered saline (PBS). Neutrophils from bone marrow and feet were sorted on a FACSAria III (BD Biosciences). FcγR were blocked using TruStain FcX (BioLegend). Data were analyzed using FlowJo software (BD Biosciences). The following reagents were used: Zombie-NIR fixable viability kit (BioLegend), anti-B220 (eBioscience;RA36B2), anti-CD3 (WEHI;KT3.1.1), anti-CD4 (WEHI;GK1.5), anti-CD8 (WEHI;53.6.7), anti-CD11b (BioLegend;M1/70), anti-CD16/32 (WEHI;24G2), anti-CD34 (eBioscience;RAM34), anti-CD45.1 (BioLegend;A20), anti-CD45.2 (BioLegend;104), anti-CD48 (BD Bioscience;C2), anti-CD127 (eBioscience;A7R34), anti-CD135 (BioLegend;A2F10), anti-CD150 (BioLegend;TC15--12F12.2), anti-cKit (WEHI;ACK4), anti-Gr1 (WEHI;RB6--8C5), anti-Ly6G (BD;1A8), anti-Sca-1 (WEHI;Ly6A/E), anti-Siglec-F (Fisher;1RMN44N), AnnexinV-AF647 (BioLegend), and propidium iodide (Sigma).

Fetal liver chimeras {#S22}
--------------------

For experiments utilizing *Ripk1*^*−/−*^ fetal liver cells, chimeric animals were generated by reconstituting lethally-irradiated (2×550R given 3 h apart) B6.SJL-*Ptprc*^a^ *Pepc*^b^/BoyJ (Ly5.1)-expressing mice with 10^6^ E13.5 fetal liver cells from wild-type, *Ptpn6*^mev/mev^, *Ptpn6*^mev/mev^ *Ripk1*^−/−^ or *Ripk1*^−/−^ embryos. Automated cell counts were performed on blood collected from the retro-orbital plexus into Microtainer tubes containing EDTA (Sarstedt) using an Advia 2120 hematological analyzer (Siemens). Peripheral blood and bone marrow chimerism were analyzed 12 weeks post-transplant using antibodies specific for CD45.1, CD45.2, CD16/32, CD48, CD127, CD135, CD150, cKit, Sca-1, CD4, CD8, Ly6G, Ly6C and CD11b on a BD LSRII flow cytometer and analyzed using FlowJo software. HSPC populations were gated as lineage-negative (lin-) cKit^+^ Sca1^+^ CD48^−^ CD150^+^ (HSC), lin^−^ cKit^+^ Sca1^+^ CD48^+^ CD150^+^ (MPP), lin^−^ cKit^+^ Sca1^+^ CD48^+^ CD150^−^ (LRP), lin^−^ cKit^+^ Sca1^lo^ CD16/32^hi^ (GMP), lin^−^ cKit^+^ Sca1^lo^ CD16/32^lo^ CD34^+^ (CMP), lin^−^ cKit^+^ Sca1^lo^ CD16/32^lo^ CD34^−^ (MEP), lin^−^ cKit^int^ Sca1^lo^ Flt3^+^ IL-7R^+^ (CLP).

Isothermal titration calorimetry {#S23}
--------------------------------

Isothermal calorimetric titrations were performed using a Microcal Omega VP-ITC (MicroCal Inc.). SHP1-SH2 (wild-type and Y208N) were dialysed against buffer (20 mM Tris, 100 mM NaCl, 2 mM 2-mercaptoethanol, pH 8.0) and the dialysis buffer used to prepare solutions of FcR, Fas, and IRAK phosphopeptides. Experiments were performed at 298 K. Typically, thirty 10 μl injections of phosphopeptide (100 μM) were titrated into a 10 μM solution of recombinant SHP1-C-SH2 protein. As only the FcR phosphopeptide bound SHP-1 those experiments were repeated using higher concentrations of protein and ligand (40 μM and 400 μM respectively) to obtain more accurate quantitative data. The heat of dilution of the phosphopeptide was subtracted from the raw data of the binding experiment. Data were analyzed using the evaluation software (Microcal Origin version 5.0). For the SHP-1/FcR interaction, the binding curves fitted a single-site binding mode and K~d~ values were determined from duplicate experiments.

Gel excision, digestion and Nano-LCMS/MS {#S24}
----------------------------------------

For protein samples in gels, bands (\~2 mm) were excised from the 1-D gel lane and subjected to automated in-gel reduction, alkylation, and tryptic digestion using the MassPREP Station (Micromass). The gel bands were reduced with 10 mM DTT (Calbiochem) for 30 min, alkylated for 30 min with 50 mM iodoacetic acid (Fluka) and digested with 375 ng trypsin (Worthington) for 16 h at 37 °C. The extracted peptide solutions (0.1% formic acid) were then concentrated to approximately 10 μL by centrifugal lyophilisation using a SpeedVac AES 1010 (Savant). Digested peptides were subjected to nano-liquid chromatography in conjunction with collisional tandem mass spectrometry (nano-LC-MS/MS). Briefly, extracted peptides were injected and fractionated by nanoflow reversed-phase liquid chromatography on a nano LC system (Agilent; 1200 series) using a nanoAcquity C18 150mm × 0.15 mm I.D. column (Waters) developed with a linear 60-min gradient with a flow rate of 0.5 μl/min at 45 °C from 100% solvent A (0.1% formic acid in Milli-Q water) to 100% solvent B (0.1% formic acid, 60% acetonitrile \[Mallinckrodt Baker\], 40% Milli-Q water). The nano-HPLC was coupled on-line to an LTQ-Orbitrap mass spectrometer equipped with a nanoelectrospray ion source (Thermo Fisher Scientific) for automated MS/MS. Up to five most intense ions per cycle were fragmented and analyed in the linear trap, with target ions already selected for MS/MS being dynamically excluded for 3 min.

Mass spectra database searching, protein identification, bioinformatic and statistical analysis {#S25}
-----------------------------------------------------------------------------------------------

Mass spectra peak lists were extracted using extract-msn as part of Bioworks 3.3.1 (Thermo Fisher Scientific) linked into Mascot Daemon (Matrix Science). The parameters used to generate the peak list for the Orbitrap were as follows: minimum mass 400; maximum mass 5000; grouping tolerance 0.01Da; intermediate scans1; minimum group count 1; 10 peaks minimum; and total ion current of 100. Peak lists for each nano-LC-MS/MS run were used to search MASCOT v2.2.04 search algorithm (Matrix Science) provided by the Australian Proteomics Computational Facility. Automatic charge state recognition was used because of the high-resolution survey scan (30000). LC-MS/MS files were searched against an extensive database using the following search parameters: carboxymethylation of cysteine as a fixed modification (+58Da) with variable modifications set for NH~2~-terminal acetylation (+42Da) and oxidation of methionine (+16Da). A peptide mass tolerance of +/−20ppm, ^13^C defined as 1, fragment ion mass tolerance of +/−0.8Da, and an allowance for up to three missed cleavages for tryptic searches where trypsin was used as the digest reagent. No-enzyme (unrestricted) searches were also carried out on all Orbitrap-LTQ data and manual validation of all peptide spectral matches was done irrespective of peptide scores or expectation values (E-values) to ensure that all major fragment ions were annotated in accordance with known rules of peptide fragmentation.

RNA-seq for transcriptome analysis {#S26}
----------------------------------

Total RNA was extracted from 10^6^ bone marrow neutrophils according to the manufacturer's instructions (Qiagen). Paired-end sequencing was performed by BGI Americas, and read lengths were 100 base pairs (GEO record GSE139223). The total number of reads for each sample were between 48--52 × 10^6^. RNA-Seq quality was assessed using fastqc^[@R60]^, and there were no quality concerns from the analysis. Transcripts were quantified using Salmon^[@R61]^ against the C57BL/6J mouse genome annotation Genome Reference Consortium Mouse Build 38 patch release 6 (GRCm38.p6), obtained from NCBI.

All statistical analysis was conducted using R v.3.5.1. Genes with less than an average of 3 reads per sample were discarded. Differentially expressed (DE) genes were determined using the DESeq2^[@R62]^ pipeline with default parameters. Multiple hypothesis correction was done using the Benjamini-Hochberg method, and a p-adjusted value of 0.1 was considered significant.

To control for gender effects, all samples were obtained from female mice. To control for potential erythroid contamination of Percoll-purified neutrophils, we estimated the proportion of other bone marrow cells using the software Cibersort^[@R63]^ and data from [Haemosphere.org](http://Haemosphere.org) (V4.9.5, dataset GSE116177). Briefly, reference samples are used, wherein each sample contains RNA data of pure cell types. These are used to create a gene signature matrix containing genes that best separate hematopoietic cell types. The proportion of each cell type is estimated using vector regression, and assumes that the mRNA mixture values are linear combinations of expression in each lineage. Analyzed samples contained less than 10% erythroid cells based on this analysis. Additionally, the erythroid proportion was used as a covariate in the differential expression design, accounting for any residual signature.

To generate heatmaps, counts were transformed using the variance stabilizing transform of DESeq2, which accounts for library size and removes heteroskedasticity of the counts. Additional samples were used for the transform to give a better account of the variance of the gene levels. These values were then z-scored gene-wise. Hierarchical clustering was performed using an average linkage method with euclidean distance as the metric.

To cluster the samples, the k-means algorithm in scikit-learn^[@R64]^ was used with k=3 to cluster the samples based on their normalized gene expression values. The genes used were all genes that were differentially expressed in at least one comparison across genotypes.

To determine which pathways and gene sets were affecting the apparent grouping, Gene Set Enrichment Analysis (GSEA) was performed after running differential expression analysis for each group comparison.^[@R65]^ GSEA finds gene sets whose genes are more significantly different across the groups. The Hallmark gene sets from the Molecular Signatures Database (MSigDB) were used. The Normalized Enrichment Score (NES) represents how much more enriched a gene set is compared to permutations of the expression dataset. The normalized enrichment score was computed using 1,000 permutations of the genes in the dataset, as described in the GSEA documentation. The Benjamin-Hocheberg corrected p-value of 0.1 was used, and a minimum of 20 genes were needed in the set.

Genotyping {#S27}
----------

### Mice were genotyped with the following primers {#S28}

*Ptpn6*^Y208N^: 5′-ACGCTGGAGCTTCAGTGGAC-3′; 5′-TGAGGTGAGGGAGGACGA-3′. Amplicons were digested with HincII to distinguish wild-type and Y208N alleles.

*S100a8-Cre*:5′-CTGACCGTACACCAAAATTTGCCTG-3′;5′-GATAATCGCGAACATCTTCAGGTTC-3′

*Il1a*^−/−^: 5′-AGACCATCCAACCCAGATCA-3′; 5′-CCAAGTGGTGCTGAGATAGTG-3′;

5′-CggAAgTgCTTgACATTgg-3′; 5′-gTATTgACCgATTCCTTgCg-3′

*Ptpn6*^fl^ 5′-ACCCTCCAGCTCCTCTTC-3′; 5′-TGAGGTCCCGGTGAAACC-3′

*Mlkl*^−/−^: 5′-TATGACCATGGCAACTCACG-3'; 5'-ACCATCTCCCCAAACTGTGA-3'; 5'-TCCTTCCAGCACCTCGTAAT-3'

*Ripk3*^*−/−*^: 5′-AGAAGATGCAGCAGCCTCAGCT-3'; 5′-ACGGACCCAGGCTGACTTATCTC-3'; 5′-GGCACGTGCACAGGAAATAGC-3'

*Ripk1*^fl^: 5′-GGAGGCAATGAGAAGAAAACAGC-3'; 5′-GCATCGATCTGGCCTGATGAAG-3'

*Ripk1*^+/−^: 5′-GAGCAATCAAAATGCAACCA-3'; 5′-tttatgcccccaactcacTC-3'; 5′-gaagcgggaagggactggctgcta-3'; 5′-cgggagcggcgataccgtaaagc-3'

*Casp8*^fl^: 5′-CCAGGAAAAGATTTGTGTCTAGC-3'; 5′-GGCCTTCCTGAGTACTGTCACCTGT-3'

*Ripk1*^D138N^: 5′-TCATCCCACCCTCATGAGTG-3'; 5′-GTCAAGCCTGCACCTTTCAT-3'. Amplicons were digested with AvaII to distinguish wild-type and D138N alleles.

GLIMMIX {#S29}
-------

For live cell image statistical analysis, the generalized linear mixed model (GLIMMIX) was utilized. Variables are assigned according to time *I,* well *j,* and cell number *c*~ij~, in a transition state (or states) of interest, which are a subset of some total number *d*~ij~ of cells in the image. A generalized linear mixed model was fit to the outcome Y~ij~ = *c*~ij~ / *d*~ij~, the proportion of cells of interest in well *i* at time *j*. *Tg*~i~ represents the treatment-genotype combination for well *i*. Then $$logit\left\{ {E\left( Y_{ij}|b_{i} \right)} \right\} = \beta_{1} + \beta_{2}\ x\ time\left( j \right) + \beta_{3}\ x\ time\left( j \right)\ x\ {Tg}_{i}$$

Interwell correlation between genetic replicates is accounted for by *Tg*~i~ which specifies a fixed effect for each treatment-genotype combination. Define *b*~i~ = *c*~i1~ / *d*~i1~, a random intercept, and *a*~i~, a time slope, for well *i*, accounting for correlation of images of each well. Then given *a*~i~ and *b*~i~ it is assumed *d*~ij~ Y~ij~ are independent and binomial-distributed as bin(*d*~ij~, π~ij~) with $$Var\left( Y_{ij} \right) = \pi_{ij}\left( 1 - \pi_{ij} \right)/d_{ij}$$

Precision is increased due to the ability to distinguish individual cells in each image in the live cell imaging technique: variance of a binomial outcome varies inversely with the denominator. Underestimation of the standard errors due to overdispersion is remedied by use of the classical empirical ("sandwich") estimator of *Cov(β)*.

Finally we assume the random effects *a*~i~ and *b*~i~ have a bivariate normal distribution with mean \[0, 0\], covariance $\sigma_{ab}^{2}$, and variances $\sigma_{a}^{2}$ and $\sigma_{b}^{2}$, so $\begin{bmatrix}
a_{i} \\
b_{i} \\
\end{bmatrix} \sim \mathcal{N}\left( \begin{bmatrix}
0 \\
0 \\
\end{bmatrix},\begin{bmatrix}
\sigma_{a}^{2} & \sigma_{ab}^{2} \\
\sigma_{ab}^{2} & \sigma_{b}^{2} \\
\end{bmatrix} \right)$. The model supposes each genetic replicate in a treatment has its own underlying probability of transitioning out of the state(s) of interest that does not vary over the course of the experiment.

All data preparation for and inference by GLIMMIX in this paper was performed with SAS 9.4 (SAS Institute, Cary, NC).

Statistics {#S30}
----------

Data are presented as mean ± standard error of the mean (SEM). Comparisons were performed using t tests, or ANOVA with a Tukey's multiple comparison test. Changes in disease-free survival were monitored using a Log-rank (Mantel-Cox) test.

Code availability {#S31}
-----------------

The custom-scripted macro used for automated image analysis of live cell imaging data is available from [10.26180/5db913c24b884](10.26180/5db913c24b884).

Data availability {#S32}
-----------------

The data supporting the findings of this study are available within the manuscript and supplemental materials, and are available from the corresponding author upon request.

Extended Data {#S33}
=============

![Ptpn6 prevents an inflammatory signature in bone marrow neutrophils.\
**a)** Gene Set Enrichment Analysis of RNA-Seq transcriptomic data derived from bone marrow neutrophils of female *Ptpn6*^ΔPMN^*caspase-8*^ΔPMN^*Ripk3*^−/−^*Mlkl*^−/−^ mice and controls. **b)** Age-dependent effects on the neutrophil transcriptome in *Ptpn6*^ΔPMN^*caspase-8*^ΔPMN^*Ripk3*^−/−^*Mlkl*^−/−^ mice and controls.](nihms-1541612-f0008){#F8}

![Flow cytometry gating strategy for hematopoietic stem and progenitor cells (HSPC).\
For gating of HSPC in [Figure 3](#F3){ref-type="fig"}, bone marrow cells were sorted after enrichment for hematopoietic progenitor cells by magnetic bead-based depletion of lineage-positive hematopoietic cells. (a) Definition and gating strategy for lineage restricted progenitors (LRP), multi-potent progenitors (MPP), and hematopoietic stem cells (HSC), (b) common myeloid progenitors (CMP), megakaryocyte erythroid progenitors (MEP), granulocyte macrophage progenitors (GMP), and (c) common lymphoid progenitors. Lineage-negative cells and gating were defined using isotype control antibodies.](nihms-1541612-f0009){#F9}

![Loss of RIPK1 sensitizes neutrophils to TNF-mediated cell death.\
**a-b)** Live-cell imaging of CTG-labeled wild-type, *Ripk1*^ΔPMN^, and *Ripk1*^D138N/D138N^ neutrophils treated with 2 μM BPT and/or 10 μM z-VAD-fmk +/− 100 ng/mL TNFα. PI and Annexin V were used to monitor changes in viability. Mean and SEM, n=3 biologically independent samples, and triplicate fields of view per independent biological sample. **c)** Live-cell imaging of CTG-labeled wild-type, *Ptpn6*^ΔPMN^*, Ripk1*^ΔPMN^, and *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ neutrophils treated with saline or 100 ng/mL TNFα. PI and Annexin V were used to monitor changes in viability. Mean and SEM of technical replicates shown. Data are representative of two independent experiments.](nihms-1541612-f0010){#F10}

![TNF induces caspase activation in the absence of Ripk1 in neutrophils.\
Live-cell imaging of CellTracker Orange-labeled wild-type, *Ripk3*^*−/−*^*, Ripk1*^ΔPMN^, and *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ neutrophils treated with 2 μM BPT and/or 10 μM z-VAD-fmk +/− 100 ng/mL TNFα. CellEvent caspase-3/7 Green Detection Reagent and Draq7 were used to monitor changes in caspase activation and viability. Mean and SEM, n=3 technical triplicate samples from triplicate fields of view.](nihms-1541612-f0011){#F11}

![Generalized linear mixed effects models (logit link).\
Comparison of CTG-positive proportion of **a)** z-VAD-fmk and **b)** birinapant treatment of TNF-stimulated *Ripk1*^ΔPMN^ and wild-type neutrophils. Red curves indicate predicted profiles for wild-type, blue for *Ripk1*^ΔPMN^, with line patterns indicating predicted profile for treatment.](nihms-1541612-f0012){#F12}

![A model illustrating the role of Ptpn6 in regulation of cell death signaling in neutrophils.\
Ptpn6 function is controlled in part by Y208-dependent anchoring to the actin-myosin-9 cytoskeleton. In the absence of Ptpn6, the negative regulatory functions of Ripk1 are lost but the kinase domain remains active to influence apoptotic and necroptotic cell death. In *Ptpn6*^*ΔPMN*^ neutrophils lacking RIPK1 kinase activity or RIPK1, necroptotic and apoptotic cell death proceed unabated.](nihms-1541612-f0013){#F13}

Supplementary Material {#SM1}
======================

*Mlkl*^−/−^ mice were provided by W. S. Alexander (The Walter and Eliza Hall Institute of Medical Research). *Ripk3*^−/−^ mice were provided by V. Dixit (Genentech). *Ripk1*^*−/−*^, conditional *Ripk1*^*fl/fl*^, and *Ripk1*^D138N^ mice were provided by M. Kelliher and M. Pasparakis, supported by NIH/AID Grant RO1 AI075118. Casp8 antibody was provided by A. Strasser (The Walter and Eliza Hall Institute of Medical Research). This work was supported by NIH Grant 5RO1HL124209 (BC), the American Asthma Foundation (BC), ISF grant \#1416/15 and \#818/18 (MG), alpha-1 foundation grant \#615533 (MG‬‬‬‬‬, Recanati Foundation and the Varda and Boaz Dotan Research Center (MG), U.S.-Israel Binational Science Foundation (BSF) grant \#2017176 (MG and BC), NHMRC Dora Lush Scholarship (JAO), and NHMRC Grants (637367, 1145788, 1162765). This work was supported by the Australian National Health and Medical Research Council (NHMRC) Independent Research Institutes Infrastructure Support Scheme grant (9000220), and a Victorian State Government Operational Infrastructure Support (OIS) grant, support from the Novo Nordisk Foundation provided to the Center for Biosustainability at the Technical University of Denmark (NNF10CC1016517: NEL), and NIGMS (R35 GM119850: IS). Live cell imaging performed at Boston Children's Hospital Intellectual Developmental Disabilities Research Center (IDDRC) is supported by grant 1U54HD0902565.
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![Loss of Ptpn6 sensitizes neutrophils to necroptotic cell death.\
**a-b)** Flow cytometric analysis of wild-type, *Ptpn6*^ΔPMN^, *Caspase-8*^ΔPMN^*Mlkl*^−/−^ and *Ptpn6*^ΔPMN^*Caspase-8*^ΔPMN^*Mlkl*^−/−^ neutrophils stained with PI and Annexin V (Ann V) 12 h after addition of the necroptotic stimulus birinapant (BPT, 2 μM) + z-VAD-fmk (zVAD, 10 μM). Cells were first primed with 100 ng/mL G-CSF or 100 ng/mL IFN-γ. Mean ± SEM, n=3 biologically independent experiments. \*p\<0.05 \*\* p\<0.01 \*\*\*p\<0.001 \*\*\*\*p\<0.0001, analyzed using one-way ANOVA with Tukey's multiple comparison test.](nihms-1541612-f0001){#F1}

![Caspase-8 and Ripk3/Mlkl drives footpad inflammation in *Ptpn6 mutant mice*\
**a)** Immunoblot for cleaved caspase-8 and Ptpn6 from freshly-isolated wild-type and *Ptpn6*^ΔPMN^ bone marrow neutrophils. Luminescence was quantified using a ChemiDoc Gel Imaging System and ImageLab software. Mean ± SEM, n=4 independent neutrophil samples from *Ptpn6*^ΔPMN^ or wild-type littermate controls. Data analyzed by Student's t test. p values are shown. **b)** Kaplan-Meier plots showing disease-free survival of *Ptpn6*^ΔPMN^ mice (n=145) compared with *Ptpn6*^ΔPMN^*Ripk3*^−/−^ (n=15), *Ptpn6*^ΔPMN^*Ripk3*^−/−^*caspase-8*^ΔPMN^ (n=45) mice, *Ptpn6*^ΔPMN^*Mlkl*^−/−^ (n=10), *Ptpn6*^ΔPMN^*caspase-8*^ΔPMN^*Mlkl*^−/−^ (n=35) mice, *Ptpn6*^ΔPMN^*caspase-8*^ΔPMN^ (n=49), *Ptpn6*^ΔPMN^*caspase-8*^ΔPMN^*Ripk3*^−/−^*Mlkl*^−/−^ (n=34), *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ (n=9) and *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN/D138N^ (n=8) mice. Survival curves were analyzed using a log-rank (Mantel-Cox) test compared to *Ptpn6*^ΔPMN^ mice. Each panel shares the disease-free survival data of *Ptpn6*^ΔPMN^ mice. **c)** RNA-Seq transcriptomic analysis of bone marrow neutrophils from female *Ptpn6*^ΔPMN^ mice lacking *Ripk3*, *Mlkl*, and/or *Casp8*. Values are gene-wise z-scores of counts using the variance stabilized transformation from DESeq2.](nihms-1541612-f0002){#F2}

![RIPK1-deficiency prevents lethal inflammatory disease in Ptpn6 mutant mice by impairing hematopoiesis.\
**a)** Kaplan-Meier plot comparing disease-free survival of lethally-irradiated wild-type mice transplanted with 10^6^ *Ripk1*^−/−^, *Ptpn6*^mev/mev^*Ripk1*^−/−^, *Ptpn6*^mev/mev^ or wild-type fetal liver cells. Survival curves were analyzed using a log-rank (Mantel-Cox) test. p\<0.0001, wild-type v *Ptpn6*^mev/mev^; p=0.0025, wild-type v *Ptpn6*^mev/mev^*Ripk1*^−/−^; p=0.0454, *Ptpn6*^mev/mev^ v *Ptpn6*^mev/mev^*Ripk1*^−/−^; p\<0.0001, *Ptpn6*^mev/mev^ v *Ptpn6*^mev/mev^*Ripk1*^−/−^. **b-c)** Characterization of the **(b)** hematopoietic compartment in peripheral blood 12 weeks post-transplant and **(c)** progenitor cells in the bone marrow of recipient mice 20 weeks post-transplant with 10^6^ wild-type, *Ripk1*^−/−^ or *Ptpn6*^mev/mev^*Ripk1*^−/−^ fetal liver cells. In **(c)**, counts of hematopoietic stem cells (HSC), lineage-restricted progenitors (LRP), multipotent progenitors (MPP), common myeloid progenitors (CMP), granulocyte-macrophage progenitors (GMP), megakaryocyte-erythroid progenitors (MEP), and common lymphoid progenitors (CLP) from the bone marrow of lethally-irradiated recipients 20 weeks post-transplant, mean ± SEM, n = 4. p\<0.05 for all comparisons of *Ptpn6*^mev/mev^*Ripk1*^−/−^ and *Ripk1*^−/−^ to wild-type.](nihms-1541612-f0003){#F3}

![Loss of RIPK1 sensitizes neutrophils to TNF-mediated cell death.\
**a)** Immunoblot showing Ripk1 and Ptpn6 in peripheral blood neutrophils isolated from wild-type and *Ptpn6*^ΔPMN^ mice. ERK p42/44 is a loading control. Neutrophils pooled from 10--11 independent mice. Representative of 3 biologically independent experiments. **b**) Immunoblot for Ripk1 in lysates of bone marrow neutrophils from three independent *Ripk1*^ΔPMN^ mice. **c)** Immunoblot for full-length and truncated Ripk1 (tRipk1) in lysates of wild-type and *Ripk3*^−/−^*Casp8*^−/−^ bone marrow neutrophils. Representative data of 2 biologically independent experiments. **d)** Cell transition states identified by live cell imaging during regulated cell death of neutrophils. **e-f)** Live-cell imaging of CTG-labeled wild-type, *Ripk1*^ΔPMN^, and *Ripk1*^D138N/D138N^ neutrophils treated with DMSO (e, top row), BPT/z-VAD (e, bottom row), TNF (f, top row), or BPT/z-VAD/TNF (f, bottom row) (drug concentrations: 2 μM BPT, 10 μM z-VAD-fmk, 100 ng/mL TNF). PI and Annexin V were used to monitor changes in viability. Mean and SEM, n=3 biologically independent experiments, and triplicate fields of view per biological replicate. BPT: birinapant; z-VAD: z-VAD-fmk; CTG: Cell Tracker Green; PI: propidium iodide.](nihms-1541612-f0004){#F4}

![Ptpn6-deficient neutrophils produce high levels of IL-1α and IL-1β in the absence of Ripk1.\
a) Kaplan-Meier plot comparing disease-free survival of *Ptpn6*^*Y208N/*Y208N^*Il1a*^*+/+*^ (n=23) mutant mice with *Ptpn6*^*Y208N/*Y208N^*Il1a*^−/−^ (n=23) and *Ptpn6*^*Y208N/*Y208N^*Il1a*^+/−^ (n=19) mice. Survival curves were analyzed using a log-rank (Mantel-Cox) test compared to *Ptpn6*^ΔPMN^*Il1a*^+/+^ mice. p values are indicated. **b)** Immunoblot of IL-1β in neutrophils isolated from the bone marrow of wild-type and *Ptpn6*^ΔPMN^ mice, or neutrophils pooled from the feet of three inflamed *Ptpn6*^ΔPMN^ and two inflamed *Ptpn6*^ΔPMN^*Mlkl*^−/−^ mice. Representative of 3 biologically independent experiments. **c)** Immunoblot for IL-1β from whole cell lysates of wild-type, *Ptpn6*^ΔPMN^, *Ripk1*^ΔPMN^, and *Ptpn6*^ΔPMN^ *Ripk1*^ΔPMN^ bone marrow neutrophils primed for 1h with 100ng/mL IFNγ, and treated for 4 h with 2 μM BPT and/or 10 μM z-VAD-fmk, Representative of 3 biologically independent experiments. **d)** Immunoblot for IL-1β, IL-1α, p38 MAPK, and phospho-p38 MAPK from whole cell lysates of wild-type, *Ripk1*^ΔPMN^, and *Ptpn6*^ΔPMN^ *Ripk1*^ΔPMN^ neutrophils primed for 1h with 100ng/mL IFNγ, and treated for 4 h with 2 μM BPT and/or 10 μM z-VAD-fmk. Representative of 3 biologically independent experiments. ERK p42/44 was used as a loading control. **e)** Western blot showing IL-1α and IL-1β in the supernatant of wild-type and *Ptpn6*^ΔPMN^ neutrophils treated overnight with the necroptotic stimuli BPT (2 μM) + z-VAD-fmk (10 μM) and/or 10 ng/mL Pam~2~CSK~4~, Representative of 3--4 independent experiments. **f)** Bone marrow neutrophil viability measured by PI uptake of neutrophils treated with 1 μg/mL lipotechoic acid, 100 ng/mL LPS or 10 μM Nec-1s in the presence of 10 μM z-VAD-fmk +/− 2 μM BPT. Mean ± SEM, n = 3 independent samples. LPS: lipopolysaccharide; LTA: lipoteichoic acid; Nec-1s: necrostatin-1s. **g)** Immunoblot for phospho-Mlkl in supernatant of neutrophils treated with BPT/z-VAD overnight. Ponceau staining is used as a loading control. Representative of 3 independent experiments.](nihms-1541612-f0005){#F5}

![p38 signaling drives TNF and IL-1 production by Ptpn6-deficient neutrophils in the absence of Ripk1.\
**a-b)** Wild-type, *Mlkl*^−/−^, *Ripk3*^−/−^, *Ripk1*^ΔPMN^, *Ptpn6*^ΔPMN^, and *Ptpn6*^ΔPMN^*Ripk1*^ΔPMN^ neutrophils were primed for 1 h with 100 ng/mL IFN-γ before addition of 2 μM BPT and/or 10 μM z-VAD-fmk +/− 20 μM BIRB-796. TNF-α in the supernatant was measured after 6 h by ELISA. Mean and SEM, n=3 biologically independent experiments \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001, analyzed using one-way ANOVA with Tukey's multiple comparison test. **c)** Immunoblot of IL-1β in whole cell lysates after 4 h incubation. ERK p42/44 was used as a loading control. n = 3 biologically independent experiments. BPT: birinapant; z-VAD: z-VAD-fmk. **d)** Bone marrow neutrophils were treated with 2 μM birinapant and 10 μM z-VAD-fmk for 15h in the presence or absence of necrostatin-1s (Nec-1s), or the p38 inhibitors SB202190, SB203580 and BIRB-796. Viability was assessed by flow cytometry using propidium iodide (PI). Mean and SEM, n=3 biologically independent experiments. **e-f)** Live-cell imaging of CellTracker Green (CTG)-labeled wild-type and *Ptpn6*^*ΔPMN*^ neutrophils treated with 100 ng/mL G-CSF, or 100 ng/mL IFN-γ, 2 μM birinapant, 10 μM z-VAD-fmk, +/− 20 μM BIRB-796. PI and Annexin V were used to monitor changes in viability. Mean and SEM, n=3 biologically independent experiments. BPT: birinapant; z-VAD: z-VAD-fmk](nihms-1541612-f0006){#F6}

![Ptpn6 contact with the actin-myosin cytoskeleton is mediated by Y208.\
**a)** The structure of the Ptpn6 C-terminal SH2 domain bound to a phosphopeptide derived from the Natural Killer Group 2A (NKG2A) protein is displayed (PDB ID: 2YU7). The solvent accessible surface of the Ptpn6 SH2 domain (white) is shown overlaid on a ribbon diagram of the domain. The bound NKG2A phosphopeptide is shown in black with the phosphotyrosine residue indicated in stick representation. Tyrosine 208 is located at the C-terminal end of the BG loop. It is solvent accessible and does not contact the specificity-determining pocket (+3 pocket), nor the phosphotyrosine binding pocket. **b)** Coomassie staining for proteins associated with the wild-type and Y208N mutant Ptpn6 C-SH2 domains following immunoprecipitation from 10^8^ neutrophils. Representative data from two biologically independent experiments. Peptides isolated from gel slices in (A) and (B) are described in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}. **c)** Immunoblot for Myosin-9 in 5 × 10^6^ neutrophils following immunoprecipitation with the biotinylated peptides corresponding to the wild-type and Y208N mutant Ptpn6 C-SH2 domain. Representative data from three biologically independent experiments. **d)** Isothermal titration calorimetry (ITC) analysis comparing the interaction of FcγR2b phosphopeptide with wild-type and Y208N mutant recombinant C-terminal SH2 domain. Representative data from two biologically independent experiments.](nihms-1541612-f0007){#F7}
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